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Seven observations point towards the existence of primordial black holes (PBH), constituting the
whole or an important fraction of the dark matter in the Universe: the mass and spin of black
holes detected by Advanced LIGO/VIRGO, the detection of micro-lensing events of distant quasars
and stars in M31, the non-detection of ultra-faint dwarf satellite galaxies with radius below 15
parsecs, evidences for core galactic dark matter profiles, the correlation between X-ray and infrared
cosmic backgrounds, and the existence of super-massive black holes very early in the Universe’s
history. Some of these hints are newly identified and they are all intriguingly compatible with the re-
constructed broad PBH mass distribution from LIGO events, peaking on PBH mass mPBH ≈ 3M
and passing all other constraints on PBH abundances. PBH dark matter also provides a new
mechanism to explain the mass-to-light ratios of dwarf galaxies, including the recent detection of a
diffuse galaxy not dominated by dark matter. Finally we conjecture that between 0.1% and 1% of
the events detected by LIGO will involve a PBH with a mass below the Chandrasekhar mass, which
would unambiguously prove the existence of PBH.
Despite a series of indirect evidences the nature of Dark
Matter (DM) accounting for about 85% of today’s matter
density of the Universe remains a mystery. The failure
of a long series of direct detection experiments [1–3] to
detect a Weakly Interacting Massive Particle (WIMP)
or any other particle candidate now leads some cosmol-
ogists to reconsider alternatives to particle Dark Matter
models. One of them has received recently a lot of at-
tention, after the detection of several black hole mergers
by Advanced LIGO/VIRGO since September 2015 [4–7]:
the possibility that Dark Matter could be constituted in
part or entirely by Primordial Black Holes (PBH).
PBH are naturally an ideal Dark Matter candidate,
being non-luminous, non-relativistic and nearly collision-
less. They could have formed in the early Universe due
to the gravitational collapse of pre-existing order one
density fluctuations, eventually generated during infla-
tion. The unexpected large mass of the GW150914 and
GW170814 black holes [4, 7], combined with the inferred
merger rate coinciding with PBH abundances comparable
to the one of Dark Matter [8, 9] has revived the interest
for PBH as a plausible Dark Matter candidate. Since
then, a series of new studies have established improved
constraints in the mass range [10-100] M, e.g. from the
dynamics and the existence of star clusters in faint dwarf
galaxies [10–13] and from the non-observation of X-ray
and radio sources towards the galactic center [14]. Others
have re-evaluated the constraints from the CMB temper-
ature anisotropies [15–17], which are indirectly affected
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by matter accretion onto PBH that impacts on the ther-
mal history of the Universe. When these constraints are
combined with the ones coming from the non-observation
of microlensing of stars in the Magellanic clouds [18], it
seems that the whole range [1-100] M is now excluded.
In this letter, we argue that a careful investigation of
these constraints reveals that the case of a broad mass
distribution in the range [1− 10]M is still allowed. By
using the latest LIGO merging events and rates, we re-
construct the plausible PBH mass spectrum, in case they
constitute the dominant component of Dark Matter, and
find that it falls exactly within the allowed range. Even
more, by reanalyzing previous constraints and by using
physical arguments based on first principles, we show
that there exists seven types of observations pointing to-
wards this PBH-DM scenario [19]. Finally, we claim that
PBH as cold dark matter would provide a natural expla-
nation to the longstanding problems of cosmology and
astrophysics, namely the existence of supermassive black
holes at high redshifts, the missing galactic satellites, the
too-big-to-fail, the core-cusp problems, and the missing
baryons in the Universe.
Hint 1 : Black Hole merger rates and recon-
struction of the mass spectrum. One can calculate
the merger rates expected if PBH constitute all the dark
matter, following and extending [8, 9]. These rates de-
pend on the shape of the PBH mass spectrum. We con-
sider a PBH-DM model with a log-normal density dis-
tribution [20] of width σ, centered on the mass µ, but
our results can easily be extended to any mass function
and any PBH abundance. Such a lognormal spectrum
is motivated by PBH formation models in the context of
inflation, e.g. in mild-waterfall hybrid inflation [20]. The
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2merger rate of PBH binaries strongly depends on how
PBH cluster. Two models have been considered:
1. Dominant clustering scale (DCS): The majority of
BH merging events occurred in PBH clusters of similar
sizes and concentration. One can encode together the
typical clustering scale and the halo profile uncertainties
in a single parameter 〈δ2PBH〉1/2 [9, 20] representing the
r.m.s of the PBH density contrast (with respect to the
DM cosmological density) within these halos. Typically
〈δ2PBH〉1/2 could vary from O(107) for the largest dwarf
spheroidals, up to O(1011) for dense globular clusters.
2. Extended halo mass function (Ext-HMF): Instead
of assuming a natural clustering scale, one can consider
an extended halo mass function such as the one expected
from the standard merger-tree paradigm of structure for-
mation. Analytical estimates from the Press-Schechter
formalism or low-mass extrapolations of N-body simula-
tions have been used in [8] to compute the PBH merger
rate for a monochromatic mass distribution. We have ex-
tended their calculation to the case of a broad spectrum.
The two models naturally induce PBH merger rates
consistent with the ones inferred by LIGO, from a few
to a few hundreds events/year/Gpc3 (details on the rates
are provided in Appendix A). This coincidence, combined
with the mostly unexpected large mass of the BH pro-
genitors, has been the first hint pointing to the existence
of a PBH-DM population.
What are the preferred values of the mass distribution
parameters µ and σ given the five GW events detected so
far? Starting from the black hole progenitor masses mi
and the inferred merger rate τ as well as their uncertain-
ties, we have reconstructed the Bayesian posterior prob-
ability distribution of µ and σ, using a Markov-Chain
Monte-Carlo (MCMC) method. The MCMC points are
represented in Fig. 1 for the two clustering models. The
color scale indicates the merger rate expected for LIGO.
Because LIGO more likely detects heavier BH in the
tail of the mass distribution, the preferred value of µ
ranges from ∼ 0.1(0.01) up to about ∼ 20M and
0.1 <∼ σ <∼ 0.8(1.0) for the Ext-HMF (DCS) model.
The LIGO event likelihood obtained for µ = 2.5M,
σ = 0.5 is represented in Fig. 2. It peaks on masses
about four times larger than µ and on mass ratios down
to mB/mA ≈ 0.2. One would therefore expect Adv-
LIGO to be able to detect a subdominant fraction (be-
tween 0.1% and 1% for the preferred scenarios) of PBH
mergers involving a PBH of mass mA ' 5M and a
PBH with a mass smaller than the Chandrasekhar mass,
mB <∼ MCh ' 1.4M, which would be a clear indica-
tion of primordial origin. These events have chirp masses
Mc = (mAmB)
3/5/(mA + mB)
1/5 ' 1.8M, which are
too faint to be detected by the next run O3 of AdvLIGO-
Virgo, unless they are within 200 Mpc of Earth.
Hint 2 : Black hole spins. Because PBH formed due
to the collapse of (nearly) Gaussian overdensities in the
early Universe, they have initially low spins [21] that can
only be enhanced by very rare mergers or by matter ac-
cretion. In the case of PBH-DM, it is expected that a lim-
ited fraction of PBH initially formed short-lived binaries
and the remaining black hole after their merging would
have an enhanced spin χeff = (mAχA + mBχB)/M =
(mA~aA · ~L + mB~aB · ~L)/(M |~L|) ' 0.7 [22], with ~aA,B ≡
c~SA,B/Gm
2
A,B, the black hole spins
~SA,B and the orbital
momentum ~L. But one also expects PBH in dense DM-
dominated halos (with typical halo mass below ∼ 109M
as argued thereafter) to have accreted most of the bary-
onic matter. The accretion should be isotropic due to the
random BH motion with respect to the baryons, which
should reduce the BH spin down to χeff <∼ 0.1 [23]. If
instead BH have a stellar origin, conservation of angular
momentum typically implies large spin values after con-
traction, eventually sped up by a subsequent accretion
phase of a companion star before it explodes and becomes
a BH [24]. Instead of taking a random direction, the BH
from a pre-existing star binary would tend to align their
spin with the orbital angular momentum [25]. In the
simplest scenarios, one would therefore expect χeff >∼ 0.8,
whereas LIGO mergers have effective spins centered on
χeff ' 0 (specially for GW170814 [7]).
In June 2017, LIGO announced the detection of
GW170104 [6]. It has been possible to reconstruct with
good confidence the spin orientation of the heaviest black
hole. It has been found to be anti-aligned with the or-
bital angular momentum and this led LIGO to claim for
the discovery of a new population of black holes form-
ing binaries through a capture process, just as expected
for PBH. A viable competing scenario is the one of stel-
lar BH populations in very dense environments such as
the core of globular clusters or nearby supermassive black
holes. However it is still unclear whether this scenario can
combine both an initially low-metallicity environment for
massive stellar BH to form and the existence of abundant
very dense environments with black holes close enough to
explain the merger rates inferred by LIGO. On the other
hand, if an exotic scenario could explain BH spin mis-
alignment for a stellar binary origin, it would be difficult
to explain why all the LIGO mergers detected so far have
total spins χeff <∼ 0.5, whereas the spins in high-mass X-
ray binaries go up to χ ' 0.95, in opposition with the
limits imposed by LIGO on the spin of the most massive
progenitors a1 < 0.7 for GW150914 and LVT151012 and
a1 < 0.8 for GW151226 at 90% C.L., large parallel spins
aligned with the orbital momentum being disfavored [26].
Putting all together, the PBH DM scenario seems to
be in agreement with the spins and rates observed in the
LIGO BHB mergers, which most probably have a capture
origin. Observations are thus challenging the previously
widely accepted scenario of a stellar binary origin [24].
Hint 3: Microlensing of stars in M31 and dis-
tant quasars. Microlensing of stars is the best possible
way to detect the presence of PBH in galactic halos. Con-
trary to surveys of the LMC and SMC that probe only a
tiny fraction of the Milky Way halo, surveys of M31 have
monitored stars spread over the whole galactic disk and
bulge, and are thus a probe of an important fraction of
3FIG. 1. Reconstruction of the PBH mass spectrum assuming a log-normal density distribution of mean µ and width σ, for the
extended halo mass function (Ext.HMF, left panel) and the dominant clustering scale (DCS, right panel) models. The color
scale of the MCMC points represent the model merger rates in units of Gpc−3yr−1. The shaded blue region is the parameter
space excluded by the dynamical heating of star clusters in the faint dwarf galaxy Eridanus II, assuming it has a central 6500M
IMBH (solid blue), or not (dashed blue). M31 and quasar microlensing events favor the regions between the red and green
dashed lines respectively.
FIG. 2. Single merging event likelihood for a PBH model
with a braod log-normal density spectrum with central value
µ = 2.5M and width σ = 0.5. The best-fit BH masses of
LIGO merging events are represented by the black points.
the Andromeda dark matter halo. The expected number
of events is thus not suppressed by a low-probability to
find PBH halos along the lines of sight. Up to date a total
of 56 microlensing events have been detected in M31, sev-
eral of them by different instruments [27]. The timescale
goes from short (few days) to very long (50-100 days)
events. Some of them might be attributed to intrinsic
varying disk stars or long period variables. But numer-
ous events are very unlikely to be due to self-lensing of
stars. This therefore points towards the presence of mas-
sive compact objects in the M31 halo. Their abundance
is still rather poorly constrained, but studies [28] have
claimed a non-zero fraction with a lower limit of about
20% if the object mass is within [0.5-1] solar mass at 95%
C.L, and upper bound of about 100 solar masses.
Microlensing of distant quasars is another way to probe
the MACHO content of galactic halos. Very recently, mi-
crolensing from 24 gravitational lensed quasars in optical
and X-ay have been analyzed [29]. It results that about
20 ± 5% of the total matter in the galaxy lens is made
of any type of compact objects with masses in the range
0.05M <∼ M <∼ 0.45. Such abundance is in strong ten-
sion with the expected stellar component within the lens
galaxies, and so these observations point towards an im-
portant MACHO component.
M31 and quasar bounds on the PBH content are in ap-
parent contradiction with the constraints from the EROS
survey towards the LMC and SMC. But EROS bounds
have been recently reanalyzed and are now considered as
much less stringent than initially claimed [30–32]. The
consistency between different microlensing surveys is fur-
ther discussed in Appendix C. The window for PBH dark
matter in the solar mass range has been re-opened.
We have represented in Fig. 1 the regions in the (µ, σ)
plane leading to 20 − 35 % of PBH in the range [0.5 −
1]M and to 15 − 25 % in the range [0.05 − 0.45]M,
as suggested by M31 and quasar microlensing. These
4two regions overlap for µ ∼ 3M and σ ∼ 0.6, which
intriguingly exactly falls within the ellipse obtained by
the mass spectrum reconstruction with LIGO events.
Hint 4 : Dynamics and star clusters of ultra-
faint-dwarf-galaxies. The recent detection of numer-
ous satellite ultra-faint dwarf galaxies (UFDG) of our
galaxy, in M31 or in the Local Group, actually provide
not only one but several clues of the PBH-DM existence.
Until now they have been used, though, only to narrow
the viable PBH masses and abundances. The most strin-
gent constraint come from the existence of a central clus-
ter in Eridanus II [10–12] that should have been dynam-
ically heated by the more massive PBH for µ >∼ 10M,
unless there is an intermediate mass BH at the centre of
these dwarf spheroidals [12]. It has been represented in
Fig. 1 and is consistent with the mass spectrum recon-
struction. The dynamical heating of stars in UFDG sets
less stringent but nevertheless strong constraints on PBH
abundances [10, 11]1.
By using the same method of [10, 11] we have com-
puted the critical radius below which the stars in a DM
dominated halo are dynamically heated in a timescale of
the order of the age of the oldest stars (10 billion years)
in UFDG, eventually taking into account the influence
of a central IMBH as in [12]. Depending on the model
parameters, one gets a critical radius between 10 and
20 pc for strongly DM-dominated objects independently
of the total halo mass, as represented in Fig. 3. This in-
triguingly coincides with the minimal radius below which
there has been no observation of UFDG, and of star clus-
ters in UFDG, whereas such objects would still be above
the detection limit and should therefore have been de-
tected. This is a first clue for PBH-DM in UFDG. On
the other hand we have checked that non DM dominated
objects, such as globular clusters, are stable.
On the other hand, because UFDG are strongly DM
dominated they are the ideal objects to probe the (parti-
cle) DM properties. In particular, the stability of the cen-
tral star cluster of Eri II has been investigated. This clus-
ter is fragile and should not have survived to the strong
tidal fields of a central DM density cusp and a scenario
where this cluster would have sank to the galactic center
is extremely fine-tuned [34, 35]. If the cluster is however
long-lived in a cored DM halo, because in UFDG stellar
feedback is unlikely to be effective, it therefore points to-
wards another dynamical heating process of the cusp, a
second clue of the PBH-DM nature.
A third clue for PBH-DM comes from the lack of lu-
minous dwarf galaxies, especially the largest ones, com-
pared to expectations from cosmological N-body simula-
tions, two long-standing problems referred as the miss-
ing satellite and too-big-to-fail problems. But it has
1 More stringent ones were found in [13] from the radial profile of
the projected surface luminosity of Segues I. However this cannot
be extended to a broad distribution in a simple way, because
heavy PBH should not only heat up the stars but also the lighter
PBH, an effect that was not considered in [33]
been recently shown that the inferred number of UFDG,
when extrapolating the number of detections to the whole
galactic halo, is compatible with the expected number of
satellite galaxies [36]. So there is no missing satellites
problem, but rather a faintness problem, i.e. why star
formation was inefficient in satellite galaxies? PBH could
naturally explain why most dwarf galaxies are faint DM
dominated objects, due to the early accretion of most
of the baryonic matter, thus preventing important star
formation. Using first principles, one can evaluate the
baryonic fraction remaining after one billion years, as-
suming the Hoyle–Bondi mass accretion rate. We have
computed (see Appendix D for the detailed calculation)
the remaining Baryon fraction after one Gyr for a sim-
ple toy model of uniform spherical halos whose mass,
radius and Virial velocity relations are calibrated on the
half-light radius, Virial velocity and mass-to-light ratio of
Eridanus II from [12], and rescaled using the Virial theo-
rem. We also assumed that all remaining baryons formed
stars. Our estimation of the resulting mass-to-light ratio
is represented in Fig. 3. It exhibits a transition between
luminous and faint dwarfs that roughly coincides with
the enhancement of the mass-to-light ratios from obser-
vations. This scenario would also explain why there is no
evidence for intermediate-age populations in ultra-faint
dwarfs, and why they are composed of old metal poor
population II stars that were formed within only one Gyr,
which indicates a truncated star formation due to a global
event [37], here a rapid accretion episode. At same halo
mass, a reduction of radius boosts the efficiency of accre-
tion. This effect should prevent star formation, even in
the most massive and dense halos, thus providing a solu-
tion to the too-big-to-fail problem. Notice, however, that
the exact position of this transition is model depended
and could be shifted easily top or bottom for other choices
of parameters and model. So further investigations are
needed to compute more realistically the efficiency of ac-
cretion, taking into account more complex effects such as
inhomogeneous accretion due to the PBH-DM profile and
mass distribution, the formation and evolution of stars,
etc. It is nevertheless encouraging that observations of
mass-to-light ratios can be reproduced, at least qualita-
tively, in the PBH-DM scenario with such a simple toy
model. In particular, PBH dark matter would explain
the existence of a recently detected diffuse galaxy lack-
ing of dark matter [38]. With a radius of 2.2 kpc and
a mass-to-light ratio of at most a few, it is not dense
enough for PBH accretion to be efficient and so it differs
from other dwarf galaxies like Crater 2 that are strongly
DM dominated. These two galaxies are pointed out on
Fig. 3. Finally, this scenario would also explain the miss-
ing baryons problem since at the end of the accretion
episode, a potentially important fraction of the baryonic
matter of the Universe have fed PBH.
Hint 5 : Core galaxy profiles from PBH scatter-
ing. A long-standing problem of the standard cosmolog-
ical scenario is that N-body simulations of structure for-
mation result in cuspy DM halo profiles, well fitted by a
5FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected diffuse galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].
Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the effect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an offset of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.
An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between
0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]
σPBH
mPBH
≈ 0.3
[
mPBH
M
] [
vrel
km/s
]−4
cm2/g , (1)
if all PBH have the same mass and relative velocities
typical to the one expected in the core of some DM halos,
vrel ∼ O(1)km/s. In reality, the numerous light PBH
from an extended mass distribution could significantly
boost the effective cross-section so that larger velocities
could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
the system, assuming a NFW profile initially, trelax(r) ≈
rN/(8vvir lnN), where N is the number of PBH within
6a sphere of radius r, and we have determined the typical
radius for which homogenization takes place in a time of
the order of 10 Gyr. We assumed for simplicity that all
the PBH have the same mass Mc
2. One obtains a core
radius of the order of the kpc for 109M dwarf galaxies,
compatible with observations, going down to a few tens
of parsecs for ultra-faint dwarf galaxies, and eventually
up to ∼ 10 kpc for the most massive DM halos (1014M),
which would therefore also explain the wobbling of the
brightest cluster galaxies.
A refined analysis will have to compute the scattering
between PBH of different masses, including the effect of a
central SMBH or IMBH, and the slingshot of light PBH,
which would require the use of N-body simulations. It
is nevertheless remarkable that based on first principles,
one gets a possible simple and natural explanation to the
core-cusp problem with solar-mass PBH-DM.
Hint 6 : Correlations between X-ray and in-
frared cosmic backgrounds. The massive PBH DM
scenario [19] predicts that the tails of the PBH mass dis-
tribution will correspond to very massive BH that will act
as seeds for gas to fall and initiate star formation at high
redshifts, which ends via percolation in the full reioniza-
tion of the universe. This generates a UV and gamma
background at high redshift (z ∼ 20) that could be seen
today redshifted into the infrared and soft X-rays, respec-
tively. The recent measurement of strong spatial corre-
lations between fluctuations in the CIB and the diffuse
X-ray background [48, 49] suggests that a population of
PBH could have initiated star formation and reionization
at high redshift and also be responsible for the sources
generating a fraction of the infrared and soft X-ray back-
grounds today. Intriguingly, the required abundance of
PBH to explain these correlations is compatible with the
opresent DM abundance [48].
Hint 7 : The Chandra Deep Field South. Re-
cently, Chandra discovered more than 5000 SMBH in 1/6
sq.deg area in the Southern Sky [50], in a deep image
using more than seven million seconds exposure. This
corresponds to over a billion SMBH in the entire sky,
at distances up to 12 to 13 billion light years from us.
Chandra found evidence that SMBH in the early universe
(when it was just one billion years old) grow mostly in
bursts, rather than by slow accumulation of matter. The
seeds could be massive PBH that acquire mass very early
(after photon recombination) via gas accretion and merg-
ing, and initiate a rapid growth of mass in bursts. These
seeds will be responsible for an early and extended epoch
of smooth (non-patchy) reionization, a scenario favored
by Planck 2015 data [51]. Finally, these early SMBH
could be precisely those seen by Chandra.
2 For a broad mass distribution as the one represented in Fig. 1,
with σ ' 0.5 the lightest PBH should be rapidly slingshot away
from the halo so that the number of PBH per halo, and thus
the core radius, should not vary by more than a factor unity
compared to the monochromatic case
Other observational limits: The preferred PBH
mass distribution to explain the LIGO black hole masses
and the detection of microlensing events in M31 and dis-
tant quasars passes easily all the other astrophysical con-
straints on the PBH abundance. The non-disruption of
wide binaries in the galactic halo [52] and the absence of
radio and X-ray source correlations towards the galactic
center [14] only constraints PBH mass distributions cen-
tered on masses above 10 M for σ ' 0.5. Another strin-
gent constraint comes from the matter accretion onto
PBH in the early Universe that impacts the recombi-
nation history and affects the temperature fluctuations
in the cosmic microwave background [15]. Recent analy-
sis [17] suggests that PBH in the solar mass range com-
posing the entirety of dark matter is disfavored. However
these constraints are very sensitive to the relative veloc-
ity between PBH and the baryonic gas (a power -4.8 de-
pendence) and therefore CMB constraints can easily be
accommodated if the PBH velocity reaches tens of km/s
within PBH clusters. It is nevertheless worth noticing
that our scenario could be tested by future CMB exper-
iments and observations of galactic center point sources.
Conclusion and perspectives: We have identified
seven hints in favor of a PBH population with abundance
comparable to dark matter, coming from various observa-
tions of widely different scales and epochs of the Universe
or revealed by using physical arguments based on first
principles. These seven hints are namely: the rate and
mass of BH binary mergers detected by AdvLIGO-Virgo;
their spin distribution; the detection of microlensing of
distant quasars and stars in M31; the distribution and dy-
namics of faint dwarf galaxies and of their stellar clusters;
the evidences for cored DM profiles on different halo mass
scales, from faint dwarfs to the brightest galaxies in clus-
ters; the observation of a population of SMBH very early
in the history of the Universe; the spatial correlations of
the source-substracted CIB and soft X-ray background
fluctuations. These clues suggest that the broad lognor-
mal mass distribution of PBH is centered on Mc ≈ 3M
and has width σ ≈ 0.5, a scenario allowed by the most re-
cent constraints on PBH abundances and by the merger
rates seen by AvdLIGO-Virgo. Moreover, early matter
accretion onto PBH in halos of mass <∼ 109M and re-
laxation by two-body interactions in the densest environ-
ments naturally solve all the problems associated with
the small-scale crisis of the standard cosmological model,
the too-big-to-fail problem, the missing dwarf satellites,
the core-cusp problem and the missing baryons. PBH
provide also the seeds to explain the existence of a pop-
ulation of SMBH at high redshifts. It is worth noticing
that each of these observations and problems could be
solved individually by some other mechanism. But it is
intriguing that PBH Dark Matter can provide a com-
mon, natural and plausible origin to all of these, without
requiring any specific parameter tuning.
The present PBH Dark Matter scenario opens a wide
new field that is still vastly unexplored, and a series of
observational perspectives that will either bring strong
7support or definitively rule out PBH as dark matter. The
most straightforward way to distinguish between stellar
and primordial origins of BH binary mergers is to detect
one involving a BH with a mass smaller than the Chan-
drasekhar limit of 1.4M. This is within the target of
upcoming runs of the AvdLIGO-Virgo Collaboration and
our best scenario predicts that between 0.1% and 1% of
the detected mergers will involve such a low-mass BH
binary. Improved statistics will also allow to better re-
construct the BH mass spectrum and spin distributions.
Another way to distinguish a primordial origin from
preexisting stars is to detect the stochastic GW back-
ground from BH binaries, whose shape in frequency de-
pends on the clustering and formation mechanism of
these binaries [53]. LISA [54], and eventually SKA pulsar
timing arrays [55], should have the required sensitivity to
probe the different possible formation scenarios.
Moreover, laser interferometers could also detect the
bursts of GW coming from hyperbolic encounters of PBH
in dense clusters [56, 57]. These bursts have a well de-
fined waveform and could be detected as coincident ef-
fects in all three detectors of LIGO-Virgo Collaboration,
which would allow to distinguish them from spurious
detector noise artefacts known as ”tear-drop glitches”.
Those events would be complementary to the coalesc-
ing PBH binaries associated with bounded systems, and
would allow us to determine the parameters of the clus-
tered PBH scenario and break degeneracies present in the
BHB events.
Furthermore, in a recent paper published in Nature,
Genzel et al. [58] found evidence that the rotation curves
of distant galaxies, at redshifts z = 0.9−2.4, were not flat,
but actually decayed beyond twice the half-light radii
R1/2. This suggests that dark matter was subdominant
in the outer regions of the disks of galaxies at those red-
shifts. Merger-tree hierarchical growth of galaxies sug-
gests that the larger galactic halos grow by accretion of
smaller halos. If DM is made of massive PBH, concen-
trated in dense clusters, as they merge with larger ha-
los, they will tend to fall to the center, making halos
”fatter” and increasing the rotation curves of galaxies.
Some galaxies still exhibit decaying rotation curves at
sufficiently large distances, like our own Milky Way [59]
and Andromeda [60], although to a much lesser degree
that those early galaxies seen with KMOS.
Hypervelocity stars have been recently detected in the
Milky Way halo and observations suggest a galactic bulge
and LMC origin [61] Those stars could have been sling-
shot out by a primordial IMBH or by a massive black hole
binary [62]. The existence of IMBH in the galactic center
is supported by a recent observation [63]. High-velocity
stars are also detected in the core of globular clusters [64],
which might indicate an important population of massive
PBH.
The majority of Low-Mass-X-ray-Binaries (LMXB)
have been detected in globular clusters or towards the
galactic center, but not in the galactic disk, which favors
a formation by tidal capture by the companion star. In
our PBH-DM scenario, one component of globular clus-
ters and of the galactic bulge is the PBH population and
we conjecture that it is dominant compared to BH of
stellar origin and neutron stars. Our scenario therefore
suggests that some compact objects in LMXB having
a mass below the Chandrasekhar mass are not neutron
stars but PBH. Because the amplitude of GW have a
BH mass dependance and X-ray from LMXB do not, a
broad PBH mass distribution centered on a few solar-
mass would also explain why most LMXB have a mass
in that range, whereas GW events involve heavier BH.
Other perspectives include the 21cm signal from the
reionization that would be impacted by a PBH popula-
tion [65, 66], CMB spectral distortions [67], microlensing
surveys towards the galactic center with Euclid [68], the
monitoring of star position and velocities with GAIA.
Heavy PBH from the queue of the mass distribution
could also seed the formation of cosmic structures, as
recently suggested in [69]. In particular we are explor-
ing whether baryon accretion onto PBH and baryon-PBH
gravitational scattering could induce an extra-cooling of
the neutral hydrogen gas during the dark ages and cosmic
dawn, and explain the unexpectedly large 21cm signal at
redshift z ≈ 17 detected recently by EDGES [70].
On the theory side, further investigations are certainly
needed to refine the predictions of the PBH-DM scenario
and to go beyond first principles, e.g. by developing N-
black-holes simulations of the early Universe and of PBH
halos (N-body simulations in which particles are individ-
ual BH with masses down to a few solar masses). On
the observational side, the existence of PBH in the mass
range from 0.1 to 100 M will be probed in the next few
years by numerous independent observations, and any
mass in this range should be covered by a least two in-
dependent probes. Contrary to particle DM models, the
PBH-DM hypothesis will therefore either be validated or
soon ruled out by upcoming observations. If clear evi-
dence of PBH were found, it could initiate a paradigm
shift on the nature of Dark Matter, with groundbreaking
implications for our understanding of the early Universe
and of High Energy Physics.
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Appendix A: PBH merging rates
PBH merging rates depend on the shape of the PBH
mass spectrum. Ref. [8] considered a monochromatic dis-
tribution of PBH masses but this is now clearly ruled
out, so we have extended their model by considering a
log-normal distribution of masses and kept the rest of
their features. We consider a PBH-DM model with a
log-normal density distribution [20] of width σ, centered
on the mass µ,
ψ ≡ dρ(mPBH)
d log10mPBH
=
ρDM√
2piσ2
exp
[
− log
2
10 (mPBH/µ)
2σ2
]
,
(A1)
but the following results can easily be extended to any
mass function and any PBH abundance. Such a lognor-
mal spectrum is motivated by PBH formation models
in the context of inflation, e.g. in mild-waterfall hybrid
inflation [20]. The merger rates for the two considered
clustering models are described thereafter:
1. Dominant clustering scale (DCS): The merger rate
for PBH masses within [mA,mA + dmA] and [mB,mB +
dmB], assuming the broad log-normal density spectrum
of Eq. (A1), is given by [9, 53]
dτmerg
dmAdmB
' 2.9× 10−9 〈δ2PBH〉1/2
〈(
v
20 km/s
)−11/7〉
× ψ(mA)ψ(mB)(mA +mB)
10/7
210/7 ln2(10) ρ2DM(mA)
12/7(mB)12/7
yr−1Gpc−3,(A2)
where v is the relative PBH velocity. We assumed v =
20 km/s, a typical value of the Virial velocity of faint
dwarf galaxies. In the case of a monochromatic spectrum
mA = mB = 30M, the last factor is just 1, and one
recovers the rate of Ref. [9].
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2. Extended halo mass function (Ext-HMF): We have
extended the calculation of [8] to compute the PBH
merger to the case of a broad spectrum (A1). One gets
dτmerg
dmAdmB
' 2 fHMF ρPBHρDM
(
Mc
400M
)−11/21
× ψ(mA)ψ(mB)(mA +mB)
10/7
210/7 ln2(10)ρ2DM(mA)
12/7(mB)12/7
yr−1Gpc−3.(A3)
The parameter fHMF depends on halo mass function
(fHMF ' 1 for a Tinker HMF, fHMF ' 0.6 for a Press-
Schechter HMF [8]). The critical halo mass Mc is the one
below which halo evaporation takes place on a timescale
less than about 3 Gyr. In the case of PBH with 30 M
masses, this critical mass was evaluated to be Mc ≈
400 M in Ref. [8] but this value is subject to large un-
certainties, e.g. related to possible halo concentrations.
To first approximation, the halo relaxation time scale is
given by trelax ≈ RN/(lnN vvir), where N , R and vvir
are the number of PBH in the halo, the halo radius and
its Virial velocity, respectively. One therefore expects the
merger rate to be boosted for lower PBH masses, e.g. by
a factor three for PBH distributed all around 3 M. On
the other hand, for a broad distribution the total rate
is also boosted, e.g. by two orders of magnitudes for
σ ≈ 1 [53]. One should nevertheless consider that only
PBH with masses larger than ∼ 1 M could so far have
contributed to the LIGO merger rate [8, 9].
Eqs. (A2) and (A3) have been integrated out numeri-
cally within the range 1 < mPBH/M < 100 to get the
total expected rate for LIGO. These two models induce
PBH merger rates consistent with the ones inferred by
LIGO, from a few to a few hundreds events/year/Gpc3.
Contradictory results were obtained in Refs. [71, 72] by
considering the lifetime of PBH binaries that are formed
in the early Universe. Assuming a monochromatic distri-
bution, one can indeed get merger rates about two order
of magnitudes larger than is allowed by LIGO. However,
for a broad distribution, it is more complicated to de-
termine the orbital properties of PBH binaries, which do
not only depend on the closest PBH with the same mass,
but also on the heavier+farther and on the lighter+closer
PBH from the tails of the distribution. The first effect
was considered in Ref. [73] for not too wide distribu-
tions and was found not to reduce much the merger rate.
But on the other side, it is expected that a system of
sub-solar mass PBH would form around heavier ones.
They would disturb the center of mass of the system, no
longer located around the solar-mass PBH, which would
contribute to reduce the eccentricity of massive PBH bi-
naries formed in the early Universe. These would then
be more long-lived and thus have a suppressed merger
rate. In Ref. [74] was also studied the stochastic gravi-
tational wave background induced by a monochromatic
and uniformly distributed in space distribution of PBH,
following the scenario of Nakamura et al. [75] for early
binary formation. In this case, the PBH start at rest and
only begin to approach each other when their relative
distance is of order the horizon during radiation. Much
later, during the matter era, three-body interaction with
a more distant PBH will bind the two initially free PBH,
inducing large eccentricities (e ' 1) of the binary orbits,
and thus generating a significant GW emission, which is
proportional to (1− e2)−7/2. This produces a large GW
background that is in conflict with LIGO measurements.
In our scenario [9, 19, 53], PBH are formed in micro-
clusters, with a wide range of masses within the cluster,
and decouple much earlier from the expansion. The dis-
tribution of velocities is very different from the previous
scenario and the bound orbits rarely become very eccen-
tric. Motion is mainly stochastic, with the influence of
lighter/heavier PBH closer/farther from the binary are
also relevant. A detailed analysis of this phenomenon
was studied in Ref. [76] who did numerical N-body simu-
lations of large numbers of black holes in globular clusters
and found that very few binaries survived the stochastic
tidal disruption of the other BH in the cluster. This
means that the merger rate is suppressed and so is the
stochastic gravitational wave background [53]. More de-
tailed investigations are certainly needed to determine
unambiguously the merger rate of early binaries, in the
broad-mass case, in order to compare with the LIGO
bounds.
Appendix B: MCMC reconstruction of PBH the
mass function
Given the black hole progenitor masses mi of LIGO
events and the inferred merger rate τ , as well as their
uncertainties (σi and στ respectively), the Bayesian pos-
terior probability distribution of µ and σ has been recon-
structed by using a Markov-Chain Monte-Carlo (MCMC)
method. The likelihood function was decomposed in two
parts, the one coming from the BH masses and the one
from the merger rate:
L(µ, σ) = LBH(µ, σ|mi=1,...2Nevents , σi)×Lrate(µ, σ|τ, στ ) .
(B1)
The latter one Lrate has been computed by using either
Eq. (A2) or (A3) for each pair of (µ, σ) values, assum-
ing a Gaussian prior distribution on log τ , centered on
τ = 42 yr−1Gpc−3 and of width σlog τ = 0.98. Our
results are nevertheless rather insensitive to the exact
values of these parameters.3 The first factor LBH is com-
puted by using the Bayes’ theorem and the LIGO event
likelihood Levent(mA,mB|µ, σ) taking into account that
the range of LIGO increases with the BH masses like
∝ mAmB/(mA + mB). This likelihood has been imple-
mented within the MontePython code [77], used to derive
the posterior probability distribution of µ and σ using the
Metropolis-Hastings algorithm.
3 Different confidence intervals were given by LIGO, depending on
the considered mergers and on the rate reconstruction algorithm.
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Appendix C: Consistency between microlensing
surveys
EROS initially claimed that compact objects up to a
few solar masses cannot account for the whole dark mat-
ter. However, it has been recently shown that the EROS
analysis is too conservative and that a more realistic
treatment can reconcile it with the MACHO survey [78]
that detected microlensing events suggesting between 5%
and 50% of compact objects in the galactic halo in the
range [0.1 − 1]M [30]. It was also pointed out that
different effects (dark matter profile, PBH velocity) can
affect these constraints. Finally, as noticed in [20, 32],
the LMC and SMC tiny projected area on the sky and
their relatively close distance implies that the event rate
might be strongly suppressed by the probability to find
a PBH halo along the line of sight. For instance, for
a Press-Schechter mass function, about 80% of the total
dark matter resides in massive halos having a probability
lower than 10−4 to be along the line of sight, whereas the
other 20% are either uniformly distributed in the galac-
tic halo or clustered in abundant mini-halos. For these
reasons, we did not represent in Fig. 1 the microlensing
constraints from the Magellanic clouds. One should nev-
ertheless notice that the MACHO constraints from [78]
are consistent with the M31 events seen by AGAPE [28]
and those from quasars [29]. Other surveys like MOA [79]
and OGLE [80] have detected microlensing events in the
direction of the galactic bulge, but they have not yet
been analyzed in the context of the PBH scenario de-
scribed here. It is interesting to note however that the
mass distribution of dark lenses found by OGLE [80] in
their Fig. 4 is very similar to the distribution of PBH
described in Hint 1.
Finally, if PBH are regrouped into micro-clusters, they
will evade present microlensing constraints because such
micro-clusters would act as single massive objects [32].
The microlensing events reported by MOA and OGLE
would then correspond to the small fraction of PBH that
have been slingshot away from the PBH micro-clusters
and are spread uniformly in the halo. The detections
of numerous additional microlensing events by present
and future surveys like DES, LSST and Euclid, would be
extremely valuable. For example, a specific microlens-
ing survey towards the galactic center, where numerous
PBH should reside, will help set more stringent limits on
the different mass scales and thus on the possible PBH
mass spectrum. They will also be able to unambiguously
confirm or exclude the existence of abundant compact
objects in galactic halos.
Appendix D: Accretion in dwarf galaxies
In order to estimate the remaining baryonic fraction
in dwarf galaxies, and the resulting mass-to-light ratio,
after an accretion episode by PBH, we have considered
a simple spherical-cow toy model, in which dwarf galax-
ies are modeled by homogeneous spherical halos of mass
Mhalo, radius Rhalo and volume Vhalo, with all the dark
matter made of massive PBH with a single mass mPBH.
The accreted mass by a single PBH is described by the
Hoyle–Bondi accretion rate [17],
m˙ = 4piλρ∞veffr2HB (D1)
where ρ∞ ≡ fbρPBH is the gas density (fb denotes the
baryon-to-PBH ratio) far from the PBH, and λ is a pa-
rameter describing the accretion efficiency, whose maxi-
mal value is λ ∼ O(1) for Eddington accretion. The ex-
act value of λ is model dependent, and we followed here
the arguments of [17] suggesting that an accretion disk
is generically formed4 and we adopted the same value,
λ = 0.1. Moreover, rHB is the Hoyle–Bondi radius,
rHB ' 1.3× 10−4pc
(
mPBH
M
)(
veff
5.7 km/s
)−2
, (D2)
and veff is the PBH relative velocity with respect to
the baryonic gas. We calibrated veff to the Virial ve-
locity inferred from observations of Eridanus II [12],
vEriIIeff = 6.9 km/s, rescaled with the halo mass and radius
according to the Virial theorem,
veff(Mhalo, Rhalo) = 6.9 km/s
(
Mhalor
EriII
1/2
MEriIIRhalo
)1/2
, (D3)
in which the mass of Eridanus II within its half-light ra-
dius, rEriII1/2 ≈ 277 pc, is given by MEriII ≈ 1.2× 107M.
Then, the total mass accreted by all the PBH in a
single halo is given by m˙tot = m˙VhaloρPBH/mPBH and
the baryon-to-PBH ratio is governed by
f˙b = − m˙
tot
VhaloρPBH
= −4piλfb ρPBH
mPBH
veffr
2
HB . (D4)
If one neglects the increase of the PBH density due to
accretion, that is sub-dominant, one can integrate the
previous equation and get
fb(t) = f
ini
b exp
[
−4piλfb ρPBH
mPBH
veffr
2
HBt
]
. (D5)
Through the velocity dependence, this relation shows
that PBH accretion provides a natural mechanism to ex-
plain that mass-to-light ratios are higher in denser, and
thus fainter dwarf galaxies, thus providing a possible so-
lution to the too-big-to-fail problem. One can indeed
notice that the accretion is the same for halos having
the same density, whatever is their size or mass. We
have then assumed that the remaining fraction after one
Gyr has entirely collapsed to form a dominant Popula-
tion II stars such as the one observed in faint dwarfs. The
4 One can check straightforwardly that the arguments of [17] for
the early Universe remain valid in dwarf galaxies.
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mass-to-light ratio is then f−1b (1Gyr). We have used the
main sequence luminosity-mass relation, L ∝ m4.7∗ and
assumed m∗ = 3M to get a relation between the re-
maining baryon fraction and the absolute magnitude MV
of the galaxy,
MV = 4.83− 2.5 log
[
N∗
(
m∗
M
)4.7]
, (D6)
where N∗ = fb(1Gyr)Mhalo/m∗ is the number of stars in
the dwarf. Varying m∗ or the luminosity-mass relation
simply shifts the absolute magnitude, and thus also the
transition from luminous to faint objects.
Despite a series of crude approximations, this calcula-
tion shows that it is in principle possible that accretion
onto PBH-DM plays a dominant role in the observed
mass-to-light ratios of dwarf galaxies. Important pro-
gresses in our understanding of matter accretion, PBH
clustering, star formation, are certainly needed to get a
more accurate picture of this mechanism. The most im-
portant factor that determines the efficiency of this mech-
anism is certainly the PBH velocity distribution, because
m˙ ∝ v4rel, itself depending on the PBH density profile and
eventually on micro-clustering. N-body simulations ac-
counting for gas accretion onto PBH and star formation
could shed the light on the precise mechanism at play.
Other effects such as the DM profile, supernovae feed-
back, different stellar populations, etc. should also be
considered and contribute to dwarf galaxy histories. It
is nevertheless remarkable that with such a simple toy
model and realistic parameter values, one obtains mass-
to-light ratios that are consistent with current observa-
tions.
